Many glycine transporters have been cloned in the CNS of mammals. All are members of the Na ϩ /Cl Ϫ -cou-A neurotransmitter transporter can potentially medipled symport family and derive from two genes, GlyT1 ate uptake or release of substrate, and its stoichiomeand GlyT2. The three GlyT1 isoforms (GlyT1a-GlyT1c) try is a key factor that controls the driving force and differ only in their short N termini. The GlyT2 isoforms thus the neurotransmitter flux direction. We have used (GlyT2a-GlyT2b) have an additional ‫002ف‬ amino acid a combination of electrophysiology and radio-tracing long N terminus and a 48% identity with GlyT1 in their techniques to evaluate the stoichiometries of two glyoverlapping sequences (reviewed by Palacin et al., cine transporters involved in glycinergic or glutamater-1998). gic transmission. We show that GlyT2a, a transporter
In the present paper, we investigate the stoichiometry to play roles both at inhibitory glycinergic synapses, and kinetic properties of GlyT1b and GlyT2a to underwhere glycine activates low-affinity, strychnine-sensistand how these two transporters achieve their specific tive, chloride-permeable receptors (GlyRs) but that the neuronal GlyT2a transports an additional Na ϩ ion. We also show that GlyT2a reverse transport is limited compared with that of GlyT1b. These two differences indicate that GlyT1b has the properties expected for a transporter controlling the extracellular glycine concentration and thus tonically modulating NMDARs, whereas GlyT2a appears adapted to accumulate glycine into presynaptic terminals. ratio was voltage independent between Ϫ120 and 0 mV Similar "baseline" values were observed in Cl Ϫ -free solutions for GlyT1b (0.55 Ϯ 0.15 pmol, n ϭ 3), but they were slightly higher for for GlyT1b, but for GlyT2a, z T increased slightly with GlyT2a (1.53 Ϯ 0.7 pmol, n ϭ 3).
Results

GlyT1b and GlyT2a Have a Different
hyperpolarization, from 1.9 e 0 at 0 mV to 2.3 e 0 at Cl Ϫ uptake, with ratios of 0.93 Ϯ 0.06 e 0 /Cl Ϫ (n ϭ 8)
In control solution, voltage jumps revealed slow tranand 2.07 Ϯ 0.04 e 0 /Cl Ϫ (n ϭ 17) for GlyT1b and GlyT2a, sient currents in both GlyT1b ϩ (Figure 2A ) and GlyT2a ϩ respectively. Using the previously determined values of ( Figure 2E ) oocytes that were absent in noninjected ooz T , these results lead to identical ratios of 1.05 and 1.03 cytes. These transients disappeared when saturating Cl Ϫ per glycine for the two transporters ( Figure 1D 3E ). In these experiments, choline was substituted for Na ϩ to maintain a constant monovalent cation concenGlyT1b and GlyT2a Have Similar Apparent Glycine Affinities tration. When Na ϩ was completely replaced by choline, no transporter-mediated glycine uptake was observed, The uptake currents of GlyT1b and GlyT2a, evoked by rapid superfusion of glycine at various concentrations, and the transporter-specific transient currents observed in the absence of glycine but in the presence of Na ϩ were recorded at different potentials using the voltagestep protocol described in Figures Figure 4C ). For subtraction of activation curves were Ͻ2 for GlyT1b but Ͼ2 for GlyT2a, the oocytes' background current, we used two spetogether with the difference in charge/glycine ratios, cific glycine uptake inhibitors of GlyT1b and GlyT2a suggested that GlyT2a cotransports a higher number of (ORG24598 and ORG26176, respectively) (G. 101.6% Ϯ 1.8% (n ϭ 4), respectively. These percentages of inhibition confirm the absence of uncoupled currents predictions of 118 mV and 87 mV for 2 Na ϩ /1Cl Ϫ /1 glycine and 3 Na ϩ /1Cl Ϫ /1 glycine, respectively. The differover the range of measured E Rev , as found also in substitution experiments in which Na ϩ or Cl Ϫ was replaced ence in n Na confirms that the additional charge of GlyT2a is carried by a third Na ϩ ion coupled to glycine uptake. by choline or gluconate. In this condition, it is reasonable to assume that the current reversal potential, E Rev , corresponds to the transport equilibrium potential, E T . These experiments demonstrate that following a comThus, for a 10-fold change in external glycine concentraparable glycine load ( Figure 6C ), glycine is exported at tion, the predicted changes in E T at 23ЊC are 58 and 29 a significant rate from GlyT1b ϩ oocytes but not from mV for z T ϭ 1 and z T ϭ 2, respectively. These values GlyT2a ϩ . This suggests either that the GlyT2a apparent agree with the changes in E Rev between 10 and 100 M affinities for intracellular Na ϩ , Cl Ϫ , or glycine are much glycine that were of 61.0 Ϯ 4.2 mV (n ϭ 7) and 28.2 Ϯ lower than those of GlyT1b or that the forward and back-1.8 mV (n ϭ 12) for GlyT1b (injection of 16 nmol of ward transport cycles do not have the same rate-limiting glycine) and GlyT2a (injection of 16 nmol of NaCl ϩ step. Such transient release could be of physiological glycine), respectively. The GlyT1b/GlyT2a slope ratio is relevance because following synaptic release of glycine 2.16, close to the value of 2.12 calculated from the experand its reuptake in neuron and glial cells, reverse transimental charge/glycine ratio. This result confirms that port by GlyT1b may occur if the extracellular concentrathe additional charge of GlyT2a is thermodynamically tion is driven too low by GlyT2 ( Figure 7A ). coupled to transport. As expected, the E Rev slopes deterTo investigate the change in transport kinetics promined for different [Cl Ϫ ] o (100, 33, and 10 mM) were duced by glycine accumulation, oocytes were exposed 58.6 Ϯ 6.1 mV (n ϭ 7) and 36.3 Ϯ 0.9 mV (n ϭ 8) for continuously to a saturating glycine concentration GlyT1b and GlyT2a, respectively. This gives n Cl ϭ 1.0
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(1 mM) for periods of up to 60 min, while the glycinefor GlyT1b and n Cl ϭ 1.2 for GlyT2a, confirming that 1 evoked current was monitored at different potentials Cl Ϫ is transported per glycine molecule, as determined every 40 s. The leak current measured before the applipreviously with flux experiments (Figure 1D) . cation of glycine was subtracted from the total current. To determine the Na ϩ coupling, we recorded the I T -V m The evolution of I T during and following a 1 hr glycine relationships for four Na ϩ concentrations in the presapplication ( Figure 6D , closed bar) from two representaence of 100 M glycine. Results of representative expertive experiments with GlyT1b ϩ and GlyT2a ϩ oocytes is iments with GlyT1b ϩ and GlyT2a ϩ oocytes are shown plotted in Figure 6D . For GlyT1b ϩ oocytes, uptake cur- Figures 5A and 5B, respectively. For GlyT1b, the slope rents recorded at V H ϭ Ϫ40 mV ( Figure 6D , continuous of E T ϭ f(log[Na ϩ ] o was a Na ϭ 114.7 Ϯ 8.1 mV (n ϭ 10) line) fell dramatically as the glycine application was proper 10-fold Na ϩ concentration change, which, as z T ϭ longed, approaching zero after 1 hr, suggesting that the 1, gave a number of Na ϩ ions per glycine of n Na ϭ 2.0 Ϯ transporter was close to equilibrium. In five experiments, 0.1 ( Figure 5C ). For GlyT2a, the slope was a Na ϭ 91.6 Ϯ a 50% reduction of I T was observed after 6.2 Ϯ 0.45 min 4.6 mV (n ϭ 8), giving n Na ϭ 3.1 Ϯ 0.1, considering z T ϭ of glycine superfusion. As shown in the I T -V m s of Figure  6E , the decrease in inward current did not result from 2 ( Figure 5D ). The slopes are close to the theoretical a change in the chord conductance but rather from a were similar with 2.9 Ϯ 0.45 (n ϭ 2, GlyT1b) and 2.4 Ϯ 0.1 (n ϭ 5, GlyT2a) nmol after 30 min of glycine incubation, shift of the reversal potential toward more negative values. Upon removal of glycine, a larger driving force for despite the fact that in these experiments, the apparent expression level of GlyT2a was only a quarter of that of reverse transport was present, which produced an outward current that decreased progressively. In contrast, GlyT1b (as indicated by their uptake currents of 445 and 202 nA for GlyT1b and GlyT2a, respectively). prolonged application of glycine on GlyT2a ϩ oocytes did not produce a similar decrease of the inward current at negative potentials, indicating that the uptake capacDiscussion ity of GlyT2a was maintained ( Figure 6D 
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[Gly] i , and [Na ϩ ] o : (1) the transport reversal potentials were shifted by 61 mV for GlyT1b and 28.6 mV for GlyT2a Na ؉ Stoichiometries Simultaneous measurements of glycine-evoked current for a 10-fold change in [Gly] o , as expected from their difference in charge/glycine ratio; (2) the limited deand glycine uptake reveal a major difference between the charge transferred per glycine of the neuronal and crease of GlyT2a E Rev observed during prolonged applications of glycine, compared with the large shift of glial GlyTs. For GlyT1b, the charge-to-substrate flux ratio of ϩ1 found between Ϫ120 and 0 mV matches, that GlyT1b E Rev , is consistent with a lower sensitivity of E T to a change in [Gly] i ; (3) the variations of E Rev for GlyT1b which is expected from the "classic" 2 Na ϩ /Cl Ϫ /glycine stoichiometry (Zafra and Gimenez, 1986; Aragon et al.,
and GlyT2a as a function of [Na ϩ ] o agree with the predictions for n Na ϭ 2 and n Na ϭ 3, respectively. Thus, we 1987). In contrast, the excess charge found for GlyT2a (z T Ϸ ϩ2) is not compatible with this stoichiometry. The confirm that the classic stoichiometry of 2 Na ϩ /Cl Ϫ /glycine is correct for GlyT1b but conclude that for GlyT2a, additional charge does not result from an absence of net Cl Ϫ cotransport by GlyT2a, since both transporters the stoichiometry is 3 Na ϩ /Cl Ϫ /glycine. In the Na ϩ /Cl the norepinephrine (NET) and the serotonin transporters has established uncoupled currents as a rule rather than an exception. SERT, NET, GAT, DAT, and EAATs have (SERT), with the additional countertransport of one K ϩ or H ϩ ion in the latter case (reviewed by Rudnick, 1998) .
been reported to have substrate-evoked currents higher than expected from their transport stoichiometry (reGlyT1b has the same Na ϩ coupling (n Na ϭ 2) as the GABA transporter GAT1 (Radian and Kanner, 1983; Mager et viewed by Sonders and Amara, 1996) . However, two remarks should be made. First, EAATs stand apart, as al., 1993; Lu and Hilgemann, 1999) and the dopamine transporter (DAT) (Sonders et al., 1997) . GlyT2a is the the main charge carrier of their uncoupled current is Cl Ϫ , which is not a substrate for these transporters. first member of this family found to be coupled to 3 Na ϩ . In the glutamate transporter family, studies using Second, the monoamine transporters face a smaller gradient than the other transporters, as monoamine oxidase a similar methodology have reported the same 3 Na ϩ stoichiometry for the neuronal EAAT3 (Zerangue and keeps the intracellular concentrations of their substrates in the micromolar range, while GAT, EAATs, GlyTs, and Kavanaugh, 1996) and glial GLT1 (Levy et al., 1998 Na ϩ -to-glucose flux ratio of SGLT1 was found to be close to ϩ2 ( native access models (Lu and Hilgemann, 1999) . ExperiThe difference in Na ϩ stoichiometry may be the basis mental evidence for non vesicular, calcium-independent of most of the kinetic differences existing between the liberation of neurotransmitters has been reported for steady-state and pre steady-state currents of the two GABA and glutamate transporters, and reverse uptake glycine transporters. Thus, the voltage dependencies of is supposed to be a major release mechanism of GABA the apparent Na ϩ and glycine affinities are higher for by retinal horizontal cells or for glutamate during ischeGlyT2a than for GlyT1b. Differences in the characteristic mia (see review in Attwell et al., 1993). transient currents observed in the absence of glycine Here, we show that GlyT2a has a kinetic constraint but in the presence of Na ϩ also provide good support for reverse transport that limits glycine release. Such for the binding of more Na ϩ ions to GlyT2a compared asymmetry in glycine fluxes may be essential to maintain with GlyT1b (M. J. R. and S. S., unpublished data). a high amount of neurotransmitter inside the presynaptic neurons during periods of electrical activity. However, it has not been found for other neuronal transporters, Tight Coupling between Uptake and Glycine-Evoked Current such as EAAT3 (Zerangue and Kavanaugh, 1996; Levy et al., 1998) and GAT1 (Cammack et al., 1994; Lu and The proportionality between glycine uptake and glycineevoked current over a wide range of potentials is of Hilgemann, 1999). In our experimental conditions, GlyT reverse transport particular importance for the analysis of the roles of glycine transporters, as it means that glycine uptake was not detected unless intracellular glycine, Na ϩ , or Cl Ϫ concentrations were elevated by microinjection or can be monitored with the high time resolution of electrophysiological techniques. The fact that this proporprolonged uptake, producing outward currents that could be blocked by transporter inhibitors, as described tionality is that expected from the transport stoichiometry contrasts with the recent electrophysiological in Figure 4 . The difference in the voltage dependence of GlyT2a inward and outward currents ( Figure 5B ) implies characterization of neurotransmitter transporters, which 
